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Introduction
HgCdTe (MCT) alloy remains the material of choice for many infrared applications due to its high sensitivity over a very wide spectral range (1.5-20 μm). Metal−organic chemical vapour deposition (MOCVD) has been used for the growth of MCT since 1980s. A strong advantage of MOCVD in application to MCT is that the growth can be performed via interdiffused multilayer process (IMP). This process relies on deposition of alternating layers of HgTe and CdTe thin enough to form a homogeneous alloy by interdiffusion. Such attitude allows for avoiding many prob− lems faced by the methods used for the synthesis of HgCdTe directly as an alloy, including direct alloy growth (DAG) MOCVD, which is employed for the growth of most of III-V materials [1, 2] .
MOCVD can be used to grow fully doped complex heterostructures on almost any kind of substrates suitable for MCT, including readily available low−cost large−area Si or GaAs wafers. The MCT−on−GaAs MOCVD, perhaps, is the most advanced heteroepitaxial MCT technology, as it yields device−quality material comparable to that grown on lattice−matched CdZnTe substrates by liquid−phase epitaxy [3] . However, there is still a number of questions related to the defect structure of MOCVD−grown MCT and its effect on the electrical properties of the material, and in particular, on the incorporation of As, the acceptor dopant of choice for MCT heterostructures [4] . In this work, we report on the electrical properties of As−doped MCT grown by MOCVD, which were studied using the Hall effect and conductivity measurements accompanied with ion milling, and compare these properties to those of the films grown by other epitaxy methods currently employed in MCT technology.
Experimental details
MCT films were grown on CdZnTe and CdTe−buffered semi−insulating GaAs substrates at VIGO System S.A. according to the procedure described in details elsewhere [4] [5] [6] . The growth process was optimized for photoelec− tronic devices operating at near−room temperature. Typi− cally, (111)B HgCdTe layers are grown on (100) GaAs with 3 deg off <110> orientation, which is enforced with suitable growth condition [7] . The (111) growth is characterized by important advantages, as it proceeds faster, provides hill− ock−free surface and ensures more efficient iodine doping with low precursor concentration [8] . Unfortunately, the (111) films typically exhibit larger (~10 15 cm -3 ) background donor concentration and they are prone to micro−twinning [1] , but this does not prevent successful fabrication of unco− oled infrared devices. The films were doped with arsenic during CdTe growth phase of the IMP with DMCd/DIPTe ratio of 1.5. The growth process was completed with the deposition of a~50 nm−thick CdTe layer, which resulted in the formation of an~0.5−μm thick graded−gap surface layer during the cool down process. No post−growth anneal was applied.
The parameters of the samples are given in Table 1 . Electrical properties of the as−grown and milled films were studied by measuring the integral values (e.g., those of the whole heterostructure) of the Hall coefficient R H and con− ductivity s in the magnetic field B of 0.01 up to 1.5 T at the temperature T = 77 K. The measurements were performed on square−shaped van der Pauw structures with In contacts, using an automated equipment that allowed for obtaining the reproducibility of 0.5 and 0.1% for R H and s, respec− tively. The R H (B) and s(B) dependences were analysed using discrete mobility spectrum analysis (DMSA) as des− cribed below.
Ion milling was used as an additional research tool to study the properties of the material. The process is known to inject mercury interstitials in MCT, which fill the existing metal vacancies and strongly interact with other point and extended defects [9] [10] [11] . By studying properties of MCT before and after the milling, as well as during ageing of the material, when newly formed defects gradually decompose, one gets much more information about the defects, com− pared with the standard measurements. To perform ion mill− ing, we used the IB-3 (EIKO, Japan) etching system with Ar + ion energy of 500 eV, ion current density of 0.2 A cm -2 , and milling time of 27 min. The temperature of sample holder during the milling was kept at~293 K by cooling the holder with water. The relaxation of electrical properties of the samples after the milling was studied through ageing them in air at 293 ±2 K.
Results and discussion

Electrical properties of as-grown films
Heteroepitaxial MCT films typically comprise a number of layers and contain multiple carrier species, so for the analy− sis of experimental R H (B) and r(B) dependences, methods like mobility spectrum analysis are required (see, e.g., [12] ). In the DMSA, which we used, the measured R H (B) and s(B) dependences are first analyzed using the classical mobility spectrum analysis [13] . Then, the successive approximation method is used to determine the quantitative proportions and parameters of the carriers. The conductivity value S 1 of the primary mobility spectrum envelope is defined at the main maximum (μ 1 ), and the theoretical conductivity tensor is calculated for carriers with mobility μ 1 and conductivity S 1 . This tensor is then subtracted from the initial experimen− tal conductivity tensor, and the derived difference is again analyzed using the same procedure, now dealing with the conductivity value S 2 and mobility μ 2 , etc. A series of ap− proximation steps eventually yields a discrete set of carriers with known parameters (concentration n i and mobility μ i ) that allow for detailed fitting of experimental R H (B) and s(B) dependences.
Application of DMSA revealed that samples 1 and 2 demonstrated clear p−type conductivity. In contrast, samples 3 and 4 were rather of n−type. This is illustrated in Figs. 1 and 2, respectively. Figure 1(a) shows the mobility spectra envelopes for sample 1; Figure 1(b) shows R H (B) and resis− tivity r(B) measured and fitted with the dependences obtained with DMSA. In the primary mobility spectrum in Fig. 1(a) , mobility μ 1 and conductivity S 1 (μ 1 ) at the point of the main envelope maximum corresponded to heavy holes with the mobility μ ph = 455 cm V -1 s -1 (the maximum was located at the positive side of the mobility axis). Theoretical components of the conductivity tensor for this type of car− riers were then calculated under an assumption that the car− riers had similar mean mobility μ 1 , and their contribution to conductivity S'(μ 1 ) = S 1 (μ 1 ). These components were then subtracted from those of the primary conductivity tensor, and the derived difference was analyzed again [( Fig. 1(a) , curve 2)]; that was the first discretization step. The second− ary envelope after the subtraction of the heavy hole contri− bution revealed that the main maximum was now due to electrons with low mobility μ nlm = 6340 cm 2 V -1 s -1 (nega− tive side of the mobility axis). Curve 3, which corresponds to the second discretization step, was the remaining enve− lope after the contribution of the low−mobility electrons was subtracted, and it revealed light holes with the mobility μ pl = 7030 cm 2 V -1 s -1 . Curve 4 (the third discretization step) then revealed electrons with high mobility μ nhm = 27000 cm 2 was then used for theoretical calculation of R H (B) and r(B) dependences, and the results are presented in Fig. 1(b) . As can be seen, the calculated R H (B) and r(B) described the experimental data very well. It was then concluded that the major contribution to the conduction in sample 1 at T = 77 K was due to the heavy and light holes (contributions s ph = 0.487 Ohm -1 cm -1 and s pl = 0.0215 Ohm -1 cm -1 , respec− tively), while the low and high mobility electron contribu− tions were s nlm = 0.053 Ohm -1 cm -1 and s nhm = 0.0088 Ohm -1 cm -1 , respectively. Therefore, sample 1 at 77 K was clearly of p−type conductivity. Figure 2 shows the mobility spectra envelopes and the experimental values and calculated dependences of R H and r for sample 3. Again, DMSA revealed four carrier spe− cies. It can be seen, however, that the main contribution to the conduction was made by high−mobility (48800 cm 2 V -1 s -1 ) electrons, not holes. The first discretization step re− vealed heavy holes with the mobility μ ph = 820 cm 2 V -1 s -1 . The second step showed the presence of low−mobility (10100 cm 2 V −1 s -1 ) electrons, while the third step revealed light holes with the mobility 17500 cm 2 V -1 s -1 . As can be seen in Fig. 2(b) , calculated field dependences of R H and r described experimental data quite well. It was concluded that the major contribution to the conduction in this sample at T = 77 K was due to the electrons with high and low mo− bility with contributions of s nhm = 4.46 Ohm -1 cm -1 and s nlm = 0.17 Ohm -1 cm -1 , respectively, against contributions of the heavy and light holes (s ph = 1.99 Ohm -1 cm -1 and s pl = 0.936 Ohm -1 cm -1 , respectively). Therefore, sample 3 at 77 K could be regarded as having n−type conductivity, though a substantial contribution of holes was seen. The mobility of high−mobility electrons at T = 77 K (μ nhm = 48800 cm 2 V -1 s -1 ) in sample 3 was much lower than the maximum possible value of mobility in MCT with x = 0.188, which approaches 250000 cm 2 V -1 s -1 [14] . Though a certain degree of scattering by structural defects could be assumed, still it could be suggested that this sample was heavily electrically compensated.
The data on the electrical properties of the as−grown samples are summarized in Table 1 . It was concluded first, that some of the as−grown MOCVD films doped with As had n−type conductivity at 77 K, and secondly, that they had a substantial degree of compensation. 
Electrical properties of HgCdTe films grown by MOCVD and doped with As
Electrical properties of ion-milled films
Ion milling of MCT typically results in the formation of an n + -n structure, which comprises a (~2−μm thick) radiation damaged n + surface layer and an n bulk. The properties of the surface layers usually do not depend on the defect struc− ture of the material, and give very little information on it [15] . In contrast, the properties of the 'bulk' n−layer reveal the defects present in MCT. The defect structure of this layer is defined by the reactions between the defects in the sample and the interstitial mercury Hg I injected into the crystal from the milled surface. The Hg I atoms, first of all, fill the existing vacancies, but they also react with the acce− ptors belonging to I (Cu, Ag, Au) and V (As, Sb) groups [15, 16] . As a result, the acceptor centres get transformed into the donor ones, which is the reason for the material always having n−type after the milling. When the milling ends, the donor centres start to decompose, which shows in the relaxation of the electrical parameters of the samples. It is believed that the decomposition occurs via formation of neutral centres, so after the relaxation the milled samples retain n−type conductivity due to residual donor doping. This is used for assessing the background donor doping in MCT [10, 11] . The damaged n + layer is believed not to be a source of interstitial mercury, and does not affect relax− ation process in the bulk n layer [17, 18] , so it was kept on the surface of the samples throughout the relaxation measurements described in this paper. Figure 3 shows R H (B) dependence for sample 1 mea− sured before and after the milling, as well as during the relaxation. For this sample, R H after the milling was nega− tive for all the magnetic fields used, which indicated the for− mation of a certain layer with n−type conductivity. The bend on the R H (B) curve (between 0.1 and 1 T) indicated the pres− ence of multiple carriers with different mobility. After the main stage of relaxation (~117000 min), the R H remained negative for all the fields used.
The conductivity of all the milled samples after the relaxation was much higher than that of the as−grown struc− tures, which was a clear evidence that both the damaged n + -'surface' layer and the 'bulk' n−layer were still present. On sample 1, when the relaxation was finished, we per− formed three steps of chemical etching, removing in total a 5.7−μm thick layer. The R H remained negative for all the magnetic fields used, which meant that the conductivity type conversion occurred throughout the whole MCT struc− ture. A slight bend on the R H (B) curve still indicated the presence of multiple carriers, but in this case this effect was presumably related to the graded−gap interface between MCT and the buffer layer. Figure 4 shows the relaxation in milled sample 1, reflec− ting the changes of the R H and s with the ageing time t. As can be seen, conductivity gradually decreases and the Hall coefficient increases with t increasing. Using DMSA, we analyzed magnetic field dependence of R H and s at each point of the relaxation. It appeared that the main contribu− tion to the conductivity was made by the high−mobility elec− trons belonging to the 'bulk' n−layer. Following the attitude described in Sect. 3.1, we separated carriers belonging to different layers. The electron concentration n 77 and mobility μ n77 values of the 'bulk' n−layers as measured straight after the milling and after the relaxation are given in Table 2 .
The relaxation of n 77 and μ n77 of the studied films is shown in Fig. 5 along with the similar data for an As−doped MCT film grown by molecular−beam epitaxy (MBE) on a GaAs substrate (with activated As), and an isothermal vapour phase epitaxy (ISOVPE) film grown on a CdTe sub− strate. Also, relaxation data are shown for a nominally un−doped n−type MBE film grown on a GaAs substrate, and a vacancy−doped p−type MBE film grown on a Si substrate. Details on the fabrication of the ISOVPE and MBE films and on the study of their properties with the use of ion mill− ing were given elsewhere [10, 11, 16, 19, 20] . Opto Straight after the milling the mobility of the electrons μ n was quite low for the given x values. Interestingly, however, in samples 1 and 3 the electron mobility extracted with DMSA right after the milling appeared to be higher than that in the as−grown samples. This contrasts these films to other MCT samples studied earlier [10, 11, 16, 19, 20] , and could be explained by partial de−compensation of the film occurring via Hg vacancy filling and formation of donor complexes comprising As atoms, as described below, along with the relatively low total concentration of donor complexes right after ion milling.
The character of the changes of the μ n77 with ageing at 300 K appeared to be similar for all the As−doped films irre− spective of the growth method [ (Fig. 5(a) ]. At the initial stage of relaxation, the mobility gradually increased, rea− ched the maximum at the ageing time t = 10 3 -10 4 min, and then decreased. After the complete relaxation (t~100000 min) the mobility in the MOCVD films remained quite low, which showed that though the compensation degree was reduced, there was still a considerable number of scattering centres present. Those could be either acceptors, which do not interact with Hg I during the milling, or some structural defects [20] . Usually, the mobility after the relaxation is higher than that in as−grown films, as ion milling reduces the degree of compensation [10, 11] .
The dependence of the electron concentration in the 'bulk' n−layer on the ageing time is shown in Fig. 5(b) . A typical feature of these curves is an exponential decrease of the electron concentration with two or three different characteristic relaxation time constants. The exponential law reflects the disintegration of donor centres or complexes formed by Hg I with residual acceptors (Cu, Ag, Au, As and Sb), and, possibly, other impurities (O 2 , H 2 ), as well as with intrinsic defects (e.g., interstitial Te) [15] .
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According to the concept of interaction of Hg I with defects under ion milling, in MCT doped with As (provided that As atoms seat at Te sites and contribution of other dop− ants is negligible), the electron concentration in the 'bulk' n−layer straight after the milling n in should be equal to As Te , thus being determined by the density of complexes (As Te -Hg I ) formed [16] . From the data shown in Fig. 5(b) , this condi− tion is most fully satisfied by ISOVPE−grown sample 5. In this film, the hole concentration before the milling p = 3×10 16 cm -3 corresponded to As concentration as deter− mined by secondary ion mass−spectroscopy (SIMS) (N As~( 2 ±1)×10 16 cm -3 ), while n in was equal to ~4×10 16 cm -3 .
MBE-grown films usually have n in of the order of 1×10 17 cm -3 [ (Fig. 5(b) , curves 5, 6 and 7)]. This is explai− ned by the presence of initially neutral defects, which get electrically activated by ion milling. As was shown for films grown by liquid−phase epitaxy, such type of defects may be associated with nano−size tellurium precipitates [10] . In sample 6 with activated As the hole concentration before the milling is p = 1×10 16 cm -3 (equalling the As concentration as determined by SIMS), while n in was equal to~1.6×10 17 cm -3 , being typical of other MBE samples. It was concluded then that n in in sample 6 was determined not by the density of donor complexes of the (As Te -Hg I ) type, but by the concen− tration of activated Te−related defects. This concentration decreases upon ageing, and at a certain stage its value be− comes smaller than that of (As Te -Hg I ) complexes, which appear to be more stable. Thus, after~1000 min of ageing the character of relaxation law for As−doped MBE sample started to agree with that for ISOVPE film. This meant that from that point, the relaxation was determined by the de− composition of (As Te -Hg I ) complexes.
As can be seen in Fig. 5(b) , the relaxation curves for n 77 for ion−milled MOCVD−grown samples 1 and 3 generally follow the relaxation in ISOVPE−grown sample 4, so we can conclude that the relaxation in samples 1 and 3 was defined by the decomposition of (As Te -Hg I ) complexes. In sample 1, n in was equal to 2.7×10 16 cm -3 (Table 2) , while the hole concentration before the milling was 6.7×10 15 cm -3 . In sample 3, n in was equal to~5×10 16 cm -3 , while the hole concentration before the milling as extracted by DMSA was~1.5×10 16 cm -3 , and As concentration as determined by SIMS was~2×10 16 cm -3 . As can be seen, the electron con− centration right after the milling in the MOCVD−grown films exceeded that of presumably formed (As Te -Hg I ) com− plexes by~3×10 16 cm -3 . However, the character of relax− ation of the electron concentration, typical of decomposition of (As Te -Hg I ) complexes, makes us suggest that this dis− crepancy was caused rather by the presence of other residual dopants in the film, than by the effect of Te−related defects. This suggestion is confirmed by low mobility values in the as−grown films, which, as was pointed out in Sect. 3.1, indi− cated the high degree of compensation. Ion milling−assisted study of as−grown samples grown with another MOCVD technology also showed high degree of electrical com− pensation [21] .
As the MOCVD films were not doped with donor impu− rities, and presuming low concentration of As Hg defects, after the relaxation the electron concentration should have been defined by residual donors, both extrinsic and intrin− sic. In samples 1 and 3 this concentration equalled 2.3×10 15 cm -3 and 4.5×10 15 cm -3 , respectively (the expected intrinsic carrier concentration for sample 3 with the lowest x value at 77 K was 3.7×10 14 cm -3 , being almost an order of magni− tude less). The measurements performed on the samples which were subjected to a number of steps of chemical etch− ing, showed that these values of donor concentration per− sisted throughout the whole film. Such values of residual donor concentration are typical of MCT films grown on GaAs substrates by MBE [10, 11] , and of MOCVD films grown with the other technology [20] .
Conclusions
In conclusion, we have studied the electrical properties of MCT films grown by MOCVD and doped with the As acceptor, and compared them to those of As−doped MCT films grown by molecular−beam and vapour−phase epitaxy. By studying the properties of the as−grown films and those after ion milling, it was established that as−grown MOCVD films were quite heavily compensated, with some of them being of n−type at T = 77 K. Still, according to the data acquired during the relaxation of defects formed by ion milling, the dominant point defect in the as−grown films was As on Te site, which witnessed to the effective incorpora− tion of the dopant during the growth. It was likely, however, that other types of impurities were also present in the films, which would explain the high degree of electrical compen− sation. The residual donor concentration in the studied MOCVD films appeared to be of the order of (2-5)×10 15 cm -3 , typical of MCT samples grown on GaAs by MBE and MOCVD.
